Purpose -This paper aims to study the effects of solid additives and compounding processes on the selective laser sintering (SLS) behavior of composite powders. Design/methodology/approach -Composite powders were prepared from TrueForme acrylic styrene co-polymer and SiO2 powder. Dry mixing and melt extrusion were used as the blending processes to produce the composite powders. Some SiO2 powder was ground and treated with silane coupling agent before blending to study the effects of particle size and surface treatment of the filler, respectively. The temperature of the powder bed was monitored using an infrared thermometer. The fusion behaviors of the powders were investigated in situ using an optical microscope and the sintered specimens were examined by scanning electron microscopy. Findings -For a given volume fraction of the filler, reducing its particle size will hinder fusion between the polymer particles and weaken the sintered specimens. Surface treatment of the filler by silane coupling agent had little effect on the morphology of the sintered specimens; however, it slightly improved their strength. The blending method plays an important role in the sintering behavior of the composite powders. Although melt blending improved the polymer-to-polymer contact between the composite powder particles, the high-resultant viscosity of the material adversely affected the densification of the powder bed, leading to a highly porous structure of the sintered specimens.
Introduction
The fusion behavior of the powder bed material during selective laser sintering (SLS) affects the morphology, dimensional accuracy and properties of the sintered part. So far, most reported work on improving the surface finish and dimensional accuracy of SLS components has focused on et al., 1992; Beaman et al., 1994; Wang, 1999; Shen et al., 2000; Shi and Gibson, 2000) . However, the technology still faces many challenges relating to the intrinsic properties of the powder bed material. In the future development of the SLS technology, the emphasis will be on multiple material components, strong functional parts and functionally graded parts . Traditional single materials no longer satisfy all the requirements and there is a need for new composite materials. By blending, it is possible to obtain powder properties that are not available in conventional single polymer materials, and such properties may be key factors in achieving better quality in SLS components (McAlea et al., 1998) . Indeed, some polymer-based composite powders have already been commercialized, such as DuraFormw AF (aluminum-filled polyamide) and DuraForm GF (glass-filled polyamide) (www.3dsystems.com/). In a study on the strength of sintered alumina/polymer composites (Subramanian et al., 1995) , the specimens sintered from a polymer coated alumina powder were found to be approximately twice as strong as those sintered from mixtures of alumina and the polymer. This suggests that the blending method or blend morphology plays an important role in the properties of the sintered parts. Additives not only change the powder bed density but also the laser absorption properties. It has been proposed to combine opaque and transparent powders so that the absorption properties of the powder bed can be customized (Benda and Parasco, 1999) . Still, much has yet to be learnt about the influence of a solid additive and the blending process on the sintering behavior of the powder bed. In this work, composite powders were blended from TrueForme (a commercial acrylic-styrene co-polymer powder) and SiO2 powders. Two blending methods (i.e. dry mixing and melt extrusion) were employed to achieve different mixing effects. The composite powders were then selective laser sintered under similar conditions to study the effects of the fillers as well as the blending methods on the fusion behavior of the powder bed. The sintering process was investigated in situ using a microscope setup equipped with a CCD camera. The powder bed surface temperature was monitored by a noncontact infrared thermometer. The study has rendered some useful information for future development of SLS materials.
Experimental

Materials and blending processes
The TrueForm acrylic-styrene co-polymer (TF) powder, supplied by 3D Systems, has a specific gravity of 0.96 and a glass transition temperature (Tg) of 698C. The particles are spherical in shape with a mean particle size of 45mm (Figure 1 ).
Figure 1 TrueForme acrylic-styrene co-polymer powder
The SiO2 powder was supplied by Fisher Scientific and its original mean particle size was about 32mm (Figure 2(a) ). Depending on blending requirements, some SiO2 powder was ball milled and treated with silane coupling agent (Dow Corning z-6040) to improve the adhesion with the polymer (Figure 2(b) ). The silane solution was prepared in accordance to the manufacturer's instruction. First, 0.1 per cent acetic acid was added to distilled water to adjust the pH value to 3.5-4.5. Then 0.5 per cent silane coupling agent was added to the acidified water and gently stirred until the solution became clear. The SiO2 powder was added to the solution, thoroughly mixed and then dried in an oven at 1108C. All TF/SiO2 blends used in this study had a SiO2 volume fraction of 30 per cent and their details are given in Table I . Dry mixing was done using a domestic blender (Philips HR 2838) for 10 min. Melt blending was carried out using a co-rotating twin screw extruder (Prism TSE 16TC). The extrusion temperature was 200oC. The extrudate was pelletised and ground into a powder using the Philips HR 2838 blender. The powder was then sieved to eliminate particles larger than 250mm. 
Measurement of packing fractions
The packing fractions of the as-deposited powder and powder after slight tapping were determined. The former was calculated from the weight of a predetermined volume of the as-deposited powder and the latter was measured using a density bottle with gentle tapping to consolidate the packing of the powder particles.
Selective laser sintering
The sintering process was performed in ambient conditions using a laser engraving machine (Universal M25e). The CO2 laser has a full power of 25W and a spot size of 0.32mm at focus. The laser power (P) was set at 30 per cent of its full power and the beam speed (BS) at 500 mm/s. The distance between adjacent parallel scans was 0.05mm and the layer thickness was 0.25 mm. Sintering was performed without any atmospheric control.
Microscopy
In situ observation of the fusion behavior of the powders during SLS was conducted using an optical microscope (Olympus SZPT-40) and a CCD camera (Sony CCD-IRIS) (Fan et al., 2002) . The surface morphologies of the sintered specimens were later examined using a Cambridge 360 or 440 scanning electron microscope. The specimens were coated with gold-palladium before examination.
Measurement of powder bed surface temperature
The powder bed surface temperature was continuously monitored during the SLS process by a noncontact infrared thermometer (Mikron M67s). The thermometer was focused on a chosen spot (diameter -3mm) within the scan area and the temperature was plotted against its distance from the scan line. The glancing angle of the thermometer was 458 to the powder bed surface and the horizontal projection of the glancing vector was perpendicular to the scan line. The calibration of the thermometer has been reported earlier (Ho et al., 2002) . Figure 3 shows some SEM micrographs of the composite powders. In dry blend I -DBI (Figure 3(a) ), the distribution of TF and SiO2 particles were generally random. DBII and DBIII (Figure 3(b) and (c)) looked almost the same, indicating that the silane treatment of the filler surface had little effect on the powder morphology. Agglomeration of the SiO2 particles was seen under high magnification and the phenomenon can be attributed to van derWaals and electrostatic forces between the very fine particles (Fayed and Otten, 1997) . In the melt blend (MB) (Figure 3(d) ), some of the particles were very large (.200mm) and their shape was irregular. Furthermore, they were rougher than the TF particles, probably a result of the grinding process. The packing fractions of the powders are listed in Table II . All the as-deposited powders had very similar packing fractions between 0.46 and 0.49. After tapping, most powders densified to a packing fraction between 0.54 and 0.57 except MB. The lack of response of MB to the tapping process was probably due to a high inter-particle friction because of the rough particle surfaces. Figure 4 shows a series of optical micrographs taken during sintering of pure TrueForm. The time lapse between Figure 4 (a) and (c) was 2 s and the number of parallel scans was about 10. The straight line on each micrograph indicates the scan line position corresponding to the time of observation. The dark region above the scan line is the sintered material while the bright region below is the unsintered powder. At time t, the polymer powder just below the scan line began to melt because of the high temperature induced by the laser. In regions further away from the scan line, although the temperature was not high enough to thoroughly melt the polymer powder, partial melting occurred and the particles became loosely bound together to form a continuous powder band. It ran approximately parallel with the scan direction. At time t þ 1 s, this powder band broke off from the unaffected powder further down and was pulled towards the sintered area on contraction of the sintered material. The width of the powder band at break off was measured to be 0.5-0.7mm. At time t þ 2 s, the powder band collapsed and densified under the advancing laser beam. The leftover powder front remained more or less stable for a number of scans until the scan line moved closer and caused another loosely bound powder band to form, which would then break away from the unaffected region of the powder bed on further sintering. Depending on the sintering condition (SC) and powder characteristics, such sintering behavior may cause obvious parallel surface bands on the sintered specimens (Fan et al., 2005) . Figure 5 shows the sintering behavior of composite powder DBI. Unlike pure TrueForm no continuous powder band was observed in this blend. Nevertheless, some powder particles just ahead of the scan line were found to stick together to form small agglomerates. Then, they were pulled towards the scan line on densification of the sintered material. The width of the laser affected zone (i.e. distance from the scan line where powder movement was observed) of DBI was smaller than that of pure TrueForm. Occasionally, sparks were seen on the scan line ( Figure 5(b) ), suggesting a very high-local temperature. For DBII and DBIII (Figures 6 and 7) , the laser affected zones were even smaller. One possible explanation was that the polymer particles in DBII and DBIII were almost fully surrounded by fine SiO2 powder (Figure 3(b) and (c)) and fusion was hindered. Further away from the scan line, the temperature was only moderate; consequently, there was no bonding between the powder particles. For the MB, the width of the laser affected zone was between those of TrueForm and the DBs. In addition, some of the prominent features of the unsintered MB powder bed were still recognizable after sintering (Figure 8 ), suggesting a low degree of material flow. The powder bed surface temperature profiles of the various powders during SLS are shown in Figures 9 and 10 . The two vertical lines in the figures (positioned at 0 and 3mm on the horizontal axis) correspond to the relative distance between the scan line and the monitored area (diameter -3 mm). When the scan line just entered the monitored area, the relative distance was designated as 0 and 3mm when it left. Among the powder systems, SiO2 gave the highest temperature profile. The phenomenon was believed to be largely due to its lower heat capacity (Figure 11) . A large temperature fluctuation was observed for pure TrueForm despite the fact that its temperature profile was not the highest (curve TF(SCI) in Figure 9 ). The phenomenon was suspected to have been caused by the large-scale movement of the powder bed material due to formation of the powder bands during the sintering process, which in turn affected the infrared signal received by the thermometer. In order to verify the hypothesis, a two-step sintering process was carried out. First, the powder bed was pre-sintered at a very low power, P= 2W, slightly bonding the polymer particles together without significantly changing the surface morphology of the powder bed. This step was designed to eliminate the large scale powder movement during the normal sintering process at P = 7.5W. Indeed, the resultant temperature profile for the normal sintering process became much smoother (curve TF(SCII) in Figure 9 ). The temperature profiles of the blends were less fluctuant (Figure 10) , probably owing to a smaller scale of powder movement during sintering. MB and DBI attained a similar maximum temperature as TF(SCII), while DBII and DBIII exhibited a higher maximum temperature. Since, the heat capacities of the blends were similar and could generally be predicted by the rule of mixtures, apparently the surface temperature profile was affected by the particle size of the filler and blend morphology. It has been shown that the reflectance of TrueForm composite powders changes with the filler size, which in turn may affect the infrared signal received by the thermometer (Fan et al., 2007) . Since, DBI was filled with the as-received SiO2 powder while DBII and DBIII were filled with ground SiO2 powder, it was not surprising that the powder bed surface temperature profiles differed under similar SCs. Although the compositions of MB and DBIII were the same, their blend morphology was significantly different. The large amount of exposed SiO2 particles in DBIII likely increased the reflectance of the powder bed, resulting in an apparent increase in temperature recorded by the infrared thermometer. In terms of surface morphology, the pure TrueForm specimen showed a smooth and fully dense structure (Figure 12(a) ), indicating the ease of flow of the molten polymer during sintering. In contrast, the composite specimens were porous (Figures 12(b)-(e) ). Among the dry blends, DBI exhibited a slightly denser structure than DBII and DBIII. As shown earlier, the latter two contained large amounts of very fine SiO2 particles, tending to obstruct contact between the polymer particles; therefore, fusion was prohibited. Nevertheless, some well-fused patches were formed in areas of high-polymer concentration. On the other hand, pores were formed in areas where the local SiO2 concentration was high. Furthermore, it was interesting to find large agglomerates of SiO2 particles, causing further segregation from the TrueForm polymer. The strength of DBII was found to be the lowest among the blends and it fell apart easily during handling. MB remained highly porous after sintering. Such morphology could be attributed to the overall high viscosity of the MB material caused by the embedded SiO2 particles. 
Results and discussion Powder morphology and packing fraction
Sintering behavior
Conclusions
The addition of SiO2 powder changed the SLS behavior of TrueForm significantly from a smooth and fully dense structure to a porous structure. In terms of the filler size effect, the finer SiO2 powder tended to exist interstitially between the polymer particles and hinder the spread of the molten polymer. As a result, the sintered specimens were weak. Surface treatment of the filler by silane coupling agent did not change the morphology of the sintered specimens significantly; however, it slightly improved their strength due to better adhesion at the filler/polymer interface. The blending methods played an important role in the blend morphology, which in turn affected the sintering behavior of the composite powders. Although the melt-blended composite powder allowed a better polymer-to-polymer contact between the powder particles, the embedded SiO2 particles within the composite powder increased the viscosity of the material and adversely affected the densification of the powder bed, resulting in the most highly porous structure among the blends studied.
